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Abstract

Forty-five preshock sequences preceding corresponding strong (M≥6.4) mainshocks which oc-
curred recently (since 1980) in a variety of seismotectonic regimes (W. Mediterranean, Aegean,
Anatolia, California, Japan, Central Asia, South America) have been examined to identify new

predictive properties. It has been observed that the mean origin time, , and the mean magnitude,
of the accelerating preshocks of each sequence are correlated with the origin time, tc, and the

magnitude, M, of the mainshock, respectively. The following relations have been derived:

where sa (in Joule ½ /yr.104 Km2 ) is the Benioff strain rate in each preshock (critical) region and
σ is the corresponding standard deviation. The possibility for using these relations as con-
straints in attempts for intermediate term earthquake prediction is discussed.

Keywords: Accelerating strain, accelerating preshocks, critical earthquake, intermediate-term
earthquake prediction.

1. Introduction

Shocks which are considered as related genetically to an ensuing strong mainshock are fore-
shocks and preshocks. Foreshocks are generated in the mainshock fault region within a short
time (days to weeks) before the mainshock. Foreshocks, however, are usually small and almost
unidentifiable before the generation of the mainshock. Preshocks occur years before a strong
(M>6.0) mainshock in a relatively broad region and their magnitudes are relatively large
(M>4.0). Properties of preshocks are known before the generation of the mainshock and for this
reason knowledge of their space, time and magnitude distribution is of significance for inter-
mediate-term prediction of strong mainshocks.

Preshocks can be separated in two categories. The first category includes preshocks which re-
lease accelerating seismic strain energy (accelerating preshocks) and their foci are located in a
relatively broad region (critical region). The second category includes smaller preshocks which
release decelerating seismic strain energy (decelerating preshocks) and their foci are located in
a narrower region (seismogenic region).
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Accelerating preshocks have been observed by many seismologists (Tocher, 1959; Varnes,
1989; Sykes and Jaumé, 1990; Knopoff et al., 1996; Brehm and Braile, 1999; Tzanis et al.,
2000; Ben-Zion and Lyakhovsky, 2002; Karakaisis et al., 2003; Scordilis et al., 2004; Papaza-
chos et al., 2005) and interpreted in terms of the critical point dynamics (Sornette and Sammis,
1995; Rundle et al., 2003). Bufe and Varnes (1993) proposed the following relation for the time
variation of accelerating preshocks:

(1)

where S(t) is the cumulative Benioff strain (square root of seismic energy) released by accel-
erating preshocks, t is the time to the mainshock, tc is the origin time of the mainshock and A,
B and m are constants with m<1. Bowman et al. (1998) proposed a curvature parameter, C,
which is defined as the ratio of the root-mean-square error of the power-law fit (relation 1) to
the corresponding linear fit error, to quantify the deviation of the time variation of the Benioff
strain from linearity.

Decelerating preshocks have been also observed before many strong mainshocks and their time
variation is also expressed by a relation of the form (1) with m>1 (Papazachos et al., 2005,
2006a). The decelerating seismic strain is attributed to static stress shadow (Papazachos et al.,
2006a) that can be interpreted by the Stress Accumulation Model (Bowman and King, 2001;
King and Bowman, 2003).

Papazachos et al. (2006a), based on published information on decelerating and accelerating
precursory seismic strain and on relative global data, developed the Decelerating-Accelerating
Seismic Strain (D-AS) model. This model is formed of a series of empirical relations, most of
which have been physically interpreted and can be used to estimate (predict) the origin time,
epicenter coordinates and the magnitude of strong mainshocks. The 2σ model uncertainties are
δx≤150Km for the epicenter, ±2.5 years for the origin time and ±0.4 for the magnitude of the
ensuing mainshock. This model has been already used for a successful, scientifically valid pre-
diction in 2002 of a large earthquake which occurred in southwestern Aegean on 8 January
2006 (Papazachos et al., 2006b, 2007).

In the present work, global data are used to define new properties of accelerating preshock se-
quences. These properties are expressed by empirical relations that can be used as additional
constraints in the effort for intermediate term earthquake prediction. In particular, correlations

are observed between the mean origin time, , and the mean magnitude, , of accelerating
preshocks with the mainshock origin time, tc, and magnitude, M, respectively.

2. The Data

Data concerning preshock sequences of 45 strong (M≥6.4) mainshocks, which occurred in a va-
riety of seismotectonic regimes, are used in the present study. Of these mainshocks: three (3)
occurred in Western Mediterranean (with M≥6.8 since 1980), nine (9) in Aegean (M≥6.4 since
1980), five (5) in Anatolia (M≥6.4 since 1980), eight (8) in California (M≥6.4 since 1980),
eight (8) in Japan (M≥7.0 since 1990), nine (9) in Central Asia (M≥7.0 since 1990) and three
(3) in South America (M≥7.7 since 1995). The first four columns of table (1) list the region, ori-
gin time, tc, epicenter coordinates, E(φ,λ), and magnitude, M, of all these forty five mainshocks.

Data concerning the accelerating preshocks of these forty five mainshocks needs to be accurate
with respect to their epicenter location and magnitude, and homogeneous with respect to their
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Table 1. Region, origin time, tc, epicenter coordinates, E(φ,λ) and magnitude, M, of each mainshock
are given in the first four columns for all 45 mainshocks. Q is the center and R (in km) is the
radius of the preshock (critical) region, tsa is the start time of the accelerating preshock se-
quence, Mmin is the minimum preshock magnitude, sa (in Joule1/2/yr. 104km2) is the strain rate

in the critical region, is the mean origin time and the mean magnitude of the acceler-
ating preshocks which occurred between the origin time, tc and the time, te, when the maxi-
mum (best) value of the quality index is observed.

Region tc E(φ,λ) Μ Q(φ,λ) R tsa M
min

n logsa

W.
Mediter
ranean

1
2
3

1980:10:10
1980:11:23
2003:05:21

36.2, 01.4
40.8, 16.3
36.9, 03.8

7.1
6.9
6.8

40.0, -03.4
45.2, 13.2
36.9, 06.2

796
373
432

1927
1939
1911

5.2
5.1
5.4

52
72
54

4.43
5.21
4.50

1949.2
1961.3
1962.9

5.4
5.4
5.5

Aegean
1
2
3
4
5
6
7
8
9

1980:07:09
1981:02:24
1981:12:19
1983:01:17
1995:05:13
1997:10:13
1997:11:18
2001:07:26
2003:08:14

39.3, 22.9
38.1, 23.0
39.0, 25.3
38.1, 20.2
40.2, 21.7
36.4, 22.2
37.5, 20.7
39.1, 24.4
38.7, 20.5

6.5
6.7
7.2
7.0
6.6
6.4
6.6
6.4
6.4

37.1, 19.7
38.2, 26.1
36.8, 21.8
37.7, 18.6
41.7, 21.2
35.9, 20.5
38.4, 20.2
37.1, 26.2
37.3, 19.0

183
140
253
242
174
163
208
295
239

1964
1959
1967
1963
1970
1965
1984
1982
1984

4.9
4.7
5.0
4.9
5.0
4.8
4.8
4.9
4.9

27
29
62
49
27
46
100
126
64

5.97
5.71
5.95
5.78
5.65
5.41
6.07
5.82
5.79

1970.7
1971.7
1973.8
1971.4
1983.7
1983.7
1990.1
1991.9
1993.5

5.3
5.0
5.3
5.2
5.3
5.0
5.0
5.1
5.2

Anato-
lia
1
2
3
4
5

1983:07:05
1992:03:13
1995:10:01
1996:10:09
1999:08:17

40.2, 27.3
39.7, 39.6
38.1, 30.2
34.5, 32.1
40.8, 30.0

6.4
6.6
6.4
6.8
7.5

41.7, 24.8
38.4, 37.9
36.4, 27.0
34.6, 28.4
39.6, 30.2

151
223
238
224
291

1946
1951
1978
1974
1981

4.6
4.8
4.8
4.8
5.3

33
51
112
93
29

5.31
5.27
5.89
5.65
5.84

1967.7
1972.2
1986.5
1985.3
1990.4

4.8
5.0
5.0
5.0
5.5

Califor-
nia
1
2
3
4
5
6
7
8

1980:11:08
1983:05:02
1987:11:24
1989:10:18
1992:04:25
1992:06:28
1994:01:17
2003:12:22

41.1, -124.6
36.2, -120.3
33.0, -115.9
37.1, -121.9
40.3, -124.2
34.2, -116.4
34.2, -118.5
35.7, -121.1

7.3
6.4
6.6
6.9
7.1
7.3
6.6
6.5

41.1, -124.4
38.1, -122.1
35.5, -119.7
35.7, -120.4
38.4, -124.1
33.7, -119.6
35.2, -116.1
35.5, -117.6

262
140
384
430
299
428
197
135

1956
1938
1953
1955
1955
1956
1953
1977

5.0
4.8
5.0
5.0
5.1
5.1
4.7
4.6

70
45
125
154
55
80
52
35

5.61
5.19
5.39
5.38
5.32
5.35
5.29
5.56

1970.1
1967.2
1973.5
1976.0
1973.3
1976.5
1974.1
1991.4

5.3
5.1
5.4
5.4
5.4
5.5
5.0
4.9
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magnitude scale. These data must also be complete, that is, to include all preshocks which oc-
curred in certain region and certain time period and have magnitudes larger than a certain value.
The epicenter locations have an error of less than 30km which is satisfactory for the present
work which concerns circular regions (critical regions) with radii of hundreds of kilometers. The
error in magnitudes is less than 0.3 which is also satisfactory for the purpose of the present
work. All magnitudes are in the moment magnitude scale or converted to this scale form other
scales (mb, Ms, MJMA) by appropriate formulae (Scordilis, 2005, 2006). 

Complete data are needed for two purposes. The first purpose is to calculate the Benioff strain
rate, sa (in Joule1/2/year.104Km2), which is needed in the present work. Data of preshocks with
M≥5.2 are used for this purpose. Such complete data (with M≥5.2) are available since 1911 for
the whole Mediterranean (W. Mediterranean, Aegean, Anatolia), since 1930 for California,
since 1926 for Japan, since 1940 for central Asia and since 1965 for South America. The sec-
ond purpose for which complete data are needed is the calculation of the Benioff strain for the
whole duration of each preshock sequence (from the start time, ts, of each sequence to the ori-

gin time, tc, of the mainshock) in order to reliably calculate the average time, , and the aver-
age magnitude, , of each sequence. We checked very carefully all 45 sequences and found
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Region tc E(φ,λ) Μ Q(φ,λ) R tsa M
min

n logsa

Japan
1
2
3
4
5
6
7
8

1993:07:12
1994:10:04
1995:01:16
2003:05:26
2003:09:25
2003:10:11
2004:09:05
2005:08:16

42.9, 139.2
43.7, 147.4
34.6, 135.0
38.8, 141.6
41.8, 143.9
37.8, 142.6
33.2, 137.1
38.3, 142.0

7.7
8.3
7.0
7.0
8.3
7.0
7.4
7.2

38.7,136.3
41.5, 148.0
34.3, 137.3
38.5, 139.3
41.8, 143.4
34.7, 143.0
31.7, 135.2
40.4, 141.2

572
746
198
223
2503
165
443
172

1969
1982
1983
1985
1964
1987
1972
1996

5.5
5.6
5.0
5.1
6.0
4.8
5.4
5.1

141
135
65
54
310
50
87
24

6.04
6.08
6.17
5.86
5.26
5.91
5.84
6.37

1980.5
1986.9
1988.6
1993.4
1983.9
1994.5
1989.2
1999.4

5.8
6.0
5.2
5.3
6.3
5.1
5.7
5.4

Central
Asia

1
2
3
4
5
6
7
8
9

1990:06:20
1992:08:19
1997:02:27
1997:05:10
1997:11:08
2000:12:06
2001:01:26
2001:11:14
2005:10:08

37.0, 49.1
42.1, 73.6
30.0, 68.2
33.9, 59.8
35.1, 87.4
39.6, 54.8
23.4, 70.2
35.9, 90.5
34.5, 73.6

7.4
7.2
7.0
7.3
7.5
7.0
7.6
7.8
7.5

34.6, 51.4
42.2, 75.0
27.8, 70.0
30.5, 63.2
36.4, 87.7
39.4, 54.1
25.8, 68.2
37.9, 94.7
31.5, 73.7

798
306
510
622
690
488
701
654
586

1949
1963
1940
1942
1940
1958
1955
1948
1976

5.3
5.3
5.2
5.5
5.2
5.2
5.5
5.4
5.3

223
39
115
66
151
92
31
65
75

5.29
5.48
4.90
5.00
4.79
5.20
5.03
4.91
5.27

1972.5
1977.5
1976.1
1980.7
1983.0
1981.1
1981.6
1982.5
1988.6

5.6
5.5
5.5
5.9
5.5
5.4
5.8
5.7
5.6

South
Amer-

ica
1
2
3

1995:10:09
2001:01:13
2001:06:23

19.1, -104.2
13.0, -88.7
-16.3, -73.6

7.9
7.7
8.3

22.1, -103.2
10.0, -87.2
-18.8, -74.1

1565
1020
1062

1966
1965
1965

5.6
5.5
5.6

166
259
196

5.04
5.34
5.33

1979.0
1983.3
1981.4

5.9
5.8
5.9
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that all sequences are complete for the corresponding periods between ts and tc. Such cata-
logues, for each of the regions considered, have been already compiled for the needs of other
studies where details on the procedure followed are given (Karakaisis et al., 2006; Papaioan-
nou et al., 2006; Papazachos et al., 2006c; Scordilis et al., 2006;).

3. Procedure Followed

The circular regions where accelerating preshocks occurred have been identified and the start
time, ts, of each accelerating preshock sequence has been calculated in previous work (Pa-
pazachos et al., 2005, 2006a). The fifth and sixth column of Table (1) list the geographic coor-
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Fig. 1. The circular critical region where accelerating preshocks (open circles) occurred before the gen-
eration of the big (M=8.3) mainshock of October 4, 1994 in northern Japan (43.7ºN, 147.4ºE). The star
denotes the mainshock epicenter while Q is the center of the circular region (solid circle). On the right of
the map, the time variation of the cumulative Benioff strain, S(t), for the accelerating preshocks is given.
The solid line represents fitting to the data of a power-law (relation 1).

Fig. 2: Variation of the logarithm of
the time difference between the ori-
gin time, tc, of the mainshock and the

mean origin time, , of accelerating
preshocks with the logarithm of the
Benioff strain rate, sa, in the preshock
(critical) region. The data are fitted
by a straight line (dashed line) in the
least-squares’ sense.

Ψηφιακή Βιβλιοθήκη Θεόφραστος - Τμήμα Γεωλογίας. Α.Π.Θ.



dinates of the center, Q, and the radius, R (in km), of each circular region (critical region) where
the epicenters of accelerating preshocks are located. In the same table the start time, tsa (in
years), the minimum preshock magnitude, Mmin, and the number, n, of accelerating preshocks
are also listed. These listed values have been defined by constraints put by the D-AS model
which was developed on the basis of observations and theoretical considerations (Papazachos
et al. 2005, 2006a).

It has been shown (Papazachos et al., 2006b) that the cumulative Benioff strain is increasing
with the time to the mainshock, according to the power law relation (1), up to a certain time,
te, (about 3 years before the generation of the mainshock) and then it declines. This decrease
of the Benioff strain during the last phase of the accelerating sequence is due to increase of the
frequency and mean magnitude of preshocks. The left part of figure (1) shows the circular crit-
ical region, its center, Q, the epicenters of accelerating preshocks and the epicenter of the big
mainshock (M=8.3) which occurred on 4.10.1994 in northern Japan. The right part of this fig-
ure shows the time variation of the cumulative Benioff strain for these preshocks. 

The time, te, when this decrease starts is accurately determined by a plot of a quality index, qa,
as a function of the time to the mainshock, while the time when this index gets its largest value
is the time, ta, when declination starts (Papazachos et al., 2006b).

For this reason, preshocks which occurred between the start time, ts, of each sequence and the
time, te, when the decrease of the Benioff strain starts, have been considered. The average of
the origin time and the average of the magnitude of these shocks have been calculated for each

preshock sequence. The calculations of the mean preshock time, , and of the mean preshock
magnitude, , were repeated by taking in all 45 cases te equal to the origin time of the main-
shock minus three years. It was found that the calculated values remained almost unchanged,

which shows the robustness of estimations of and .
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Fig. 3: Variation of the mainshock
magnitude, M, with the mean magni-
tude, , of accelerating preshocks.
The data are fitted by a straight line
(dashed line) in the least-squares’ sense.

Ψηφιακή Βιβλιοθήκη Θεόφραστος - Τμήμα Γεωλογίας. Α.Π.Θ.



4. Results

Accelerating preshock seismic strain in the critical region starts decreasing at certain time, te,

before the mainshock. For this region we considered in the present paper the mean time, , and
the mean magnitude, , of the accelerating preshocks that occurred from the start time, ts, up

to the time te . The values of and are listed in Table (1).

Figure (2) shows a plot of the logarithm of the time difference, , between the origin

time of the mainshock, tc, and the mean origin time, , of the accelerating preshocks against
the logarithm of the Benioff strain rate, logsa. The data are fitted, in the least squares’ sense, by
the relation:

(2)

Figure (3) shows a plot of the mainshock magnitude against the mean magnitude, , of ac-
celerating preshocks. The data are fitted, in the least squares’ sense, by the relation:

(3)

where σ, in both relations (2) and (3), is the standard deviation.

Relations (2) and (3) fit well a large sample of data and are of global validity because these data
concern regions of a variety of seismotectonic regimes and of several levels of seismicity (with
values of logsa from 4.5 for west Mediterranean to 6.5 for Japan). These relations can be used
as additional constraints for the estimation (prediction) of the origin time and magnitude of an
ensuing mainshock by the D-AS or any other predicting model.

5. Discussion

In the D-AS model developed by Papazachos et al., (2006a) one of the constraints on which the
estimation (prediction) of the origin time, tc, of the ensuing mainshock is based, is a relation sim-
ilar to relation (2). In that relation the start time, tsa, of the accelerating preshock sequence is

used instead of which is used in the present work. The data in this relation are more scattered
(σ=0.10) than the data used to derive relation (2) (σ=0.07), although both procedures were ap-
plied in the same preshock sequences. In the beginning of an accelerating sequence the fre-
quency of preshocks is very small and almost indistinguishable from the background seismicity.
This has an effect on the accuracy of definition of tsa which then affects the accuracy of esti-

mation (prediction) of the origin time, tc, of the mainshock. On the contrary, is based on the
origin time of a large number of preshocks and for this reason is robust which results in more
accurate estimation (prediction) of the origin time of the probably ensuing mainshock. 

The mean magnitude, , of the three largest accelerating preshocks is also used by the D-AS
model as a constraint for the estimation (prediction) of the mainshock magnitude (Papazachos
et al., 2005, 2006a). Similarly, is based on a much larger sample of observations and for this
reason its estimation is more reliable. This justifies the use of relation (3) as an additional con-
straint for the estimation (prediction) of the mainshock magnitude.

The results of the present work are based on the origin times and magnitudes of preshocks oc-
curred up to the time te (about three years before the occurrence of the mainshock). This puts
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a limit to the estimation of the mainshock origin time and magnitude by this procedure, be-
cause relations (2) and (3) cannot be applied until the time when the maximum value of the qual-
ity index is observed. The identification of that time suggests a continuous monitoring of the
seismic activity of the area where a D-AS pattern is observed. As a result of this monitoring the
initial estimation (prediction) of the parameters can be improved by the use of newly coming
additional data. The results of the present work can contribute to such an improvement in the
estimation of the origin time and magnitude of an ensuing mainshock.

Relations similar to (2) and (3) probably hold for decelerating preshocks. The available data,
however, do not allow, at present, the definition of such relations for decelerating preshocks be-
cause these are much smaller than accelerating ones and for this reason strict completeness of
data samples comprising small magnitudes is difficult to be achieved. 
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